INTRODUCTION

Bottom Circulation in the Eastern North Atlantic
The modern bottom circulation in the eastern North Atlantic is controlled primarily by the flow of dense water from the Norwegian Sea into Iceland Basin through Faroe Bank Channel (Crease, 1965) and across several sills about 500 meters deep on the Iceland-Faroe Ridge (Worthington and Volkmann, 1965; Tait, 1967; Worthington, 1970) . The southward flow along southeastern Iceland and the east flank of Reykjanes Ridge is well documented by both hydrographic data (Fuglister, 1960; Worthington and Wright, 1970) and direct current measurements (Steele et al., 1962; Shor, 1977) as far south as 53°N, where the current turns to flow westward through Charlie Gibbs fracture zone into the western basin (Worthington and Volkmann, 1965; Worthington and Wright, 1970; Garner, 1972; Shor et al., in preparation; see also Le Pichon et al., 1971 for a differing interpretation). Upon entering the western basin, the current apparently turns northward, flowing along the western flank of the ridge (Worthington and Volkmann, 1965; Davies and Laughton, 1972; Berggren and Hollister, 1974) . Direct current measurements are lacking in this region, however.
Before DSDP Leg 38 (Talwani, Udintsev, et al., 1976) , hypotheses concerning the initiation date of overflow of Norwegian Sea water into the North Atlantic relied heavily on studies of sediments in the western North Atlantic basins 'WHOI Contribution No. 4190 . (Vogt, 1972; Berggren and Hollister, 1974; and others) . The most popular of these hypotheses correlates the initial deep connection between the North Atlantic and the Norwegian Sea with horizonΛ , the ubiquitous Eocene set of seismic reflectors in the Atlantic which have been shown to correspond (in part) to an erosional hiatus on the western margin of the North American basin (Ewing and Hollister, 1972; Tucholke, 1978) . These studies indicate that horizon A results from a major reorganization of the deep circulation; but the link between this reflector and flow originating in the Norwegian Sea is poorly documented.
Results from DSDP Leg 38 strongly suggest that bottom flow from the Norwegian Sea into the eastern North Atlantic did not begin until after mid-Oligocene time.
Results of drilling at Sites 336 and 352 (Figure 1 ) suggest that the Iceland-Faroe Ridge was elevated above sea level until about 30 m.y.B.P., and that Site 336, which is now 1300 meters below sea level, was emergent during the late Eocene (Talwani, Udintsev, et al., 1976) . Thus, it appears unlikely that the origin of horizon A can be linked to formation of a deep connection between the North Atlantic and the Norwegian Sea east of Reykjanes Ridge.
We cannot address directly here the question of whether bottom water flow began earlier across the Iceland-Greenland Ridge (Denmark Strait) than across the Iceland-Faroe-Scotland Ridge. The indirect evidence supporting such a break (middle Eocene) is basically the erosional event associated with horizon A around the western margin of the North American basin (Ewing and Hollister, 1972; Tucholke, 1978) , and the evidence from vertebrate paleontology that faunal migration patterns changed markedly about 50 m.y.B.P. between Europe and North America (McKenna, 1972 (McKenna, , 1975 Berggren and Hollister, 1974) . Weyl (1968) and, more recently, Kellogg (1976 Kellogg ( , 1977 have discussed the variability of Norwegian Sea overflow during the Pleistocene. Although they present no direct evidence to substantiate their arguments, they infer that bottom-water formation ceased in the Norwegian Sea during glacial maxima (Kellogg, 1977 , suggests most of the past 450,000 years), owing to the southward shift of the northern extension of the Gulf Stream (North Atlantic Current). Their contention is that this southward shift stopped the flow of the Norwegian Current during glacial periods, and that this in turn led to termination of bottom water production because the source of saline water was cut off.
Recent work by Reid (1977; written communication) suggests that the Mediterranean outflow may be an important source of the saline water of the Norwegian Current today. If so, then there is no apparent reason why Mediterranean water, which Reid observes to rise from intermediate levels in the Atlantic to the surface of the Norwegian Sea along isopycnal surfaces, should not flow northward even during glacial periods. The properties of bottom water formed in this manner might vary with changes in the proportion of water coming from eastern and western sources, but one might argue that an increased proportion of Mediterranean water flowing northward during glacial periods would raise the salinity sufficiently (and hence density) to allow production of dense Norwegian Sea Deep Water to continue, even if, because of sea ice cover, surface cooling were not as efficient.
Although we do not know, we do feel (in contradition to Weyl [1968] and Kellogg [1976 Kellogg [ , 1977 ) that there is a possibility that overflow continued through glacial periods. What little information we have concerning the variation of overflow with time before the Pleistocene is limited principally to sediment drift morphology and drilling results, and is summarized below.
Sediment Drifts of the North Atlantic
Several elongate sediment bodies in the northern North Atlantic have been ascribed by various authors to deposition by bottom currents. These include the Feni and Hatton drifts around Rockall Plateau, the Gardar drift complex along the eastern flank of Reykjanes Ridge, and the Eirik drift along the southeast margin of Greenland (Figure 1 ) (Johnson and Schneider, 1969; Jones et al., 1970; Johnson et al., 1971; Ruddiman, 1972) . These sediment drifts (or ridges) are acoustically transparent features, elongated parallel to the bottom current flow (where it is known), and are often mantled with "mud waves" having wavelengths of one to two kilometers and amplitudes of a few tens of meters. The ridges themselves are often hundreds of kilometers long, tens of kilometers across, and vary from sharply peaked to slightly convex. Sediment accumulation rates are generally high; a rate of 12 cm/1000 years was determined through 600 meters of sediment overlying basement at Site 114 on the Gardar drift complex.
Two studies of seismic reflection profiles in the eastern North Atlantic provide most of the information currently available on the age of sediment drift development in the basin (Ruddiman, 1972; Roberts, 1975) . Both these authors argue that all of the sediment drift morphology is Oligocene or younger, according to the inferred age of acoustic reflectors within the sediment column. Ruddiman (1972) suggests that the development of modern current deposits underlying Gardar drift began in the Miocene (17 or 18 m.y.B.P.), and corresponds to a major tectonic reorganization of sea-floor spreading on the Reykjanes Ridge (see Avery et al., 1969; Vogt and Avery, 1974) ; this change in spreading direction and increase in spreading rate resulted in the elimination of previously active transform faults. He suggests no strong causal relationship, except that the increase in spreading rate was somehow responsible for an increase in sediment input.
Studies of Hatton drift and Feni drift suggest that current-controlled morphology of these drifts began to develop as early as Oligocene (Ruddiman, 1972; Roberts, 1975) . The results of drilling southwest of Rockall Plateau on DSDP Leg 48 have, however, led to the tentative conclusion that the flow of Norwegian Sea overflow water did not begin at Site 406 until Miocene (probably early/ middle Miocene) (Roberts and Montadert, in preparation) . The older dates of Hatton and Feni drifts (Roberts, 1972; were based on the age of sediments cored near the base of Sites 116 and 117. The results of Leg 48 (Roberts, Montadert, et al., in preparation) will be useful in determining whether drift development began before the Miocene influx of bottom water, or whether the "Oligocene" reflector (Roberts's R4; Ruddiman's R) observed over much of the Rockall Plateau and Trough may represent an unconformity with much younger sediments beneath the sediment drifts.
The only additional site drilled under the inferred axis of the bottom current in the eastern North Atlantic is Site 114, which is too young to establish a date for initiation of flow. The high deposition rates suggest, however, that bottom currents have been influencing sedimentation at this site for most, if not all, of the past 5 million years.
Regional Sedimentary EnvironmentReykjanes Ridge Flank
Sites 407 and 408 are situated on magnetic anomalies 13 and 6, respectively, near 64°N on the west flank of Reykjanes Ridge (Figure 1 ). Sediments west of anomaly 5 show differential accumulation on a series of alternating hills and valleys with fairly steep walls, and they lack continuous reflectors (Figure 2 ). The basement is also blocky in this region; but the sediment thickness is not uniform, and bathymetric highs and lows are not strictly conformable with similar features in acoustic basement. Our interpretation is that the sediment distribution is controlled primarily by bottom current flow over an irregular bottom (elongated north-south by the spreading ridge), and that a complex deposition/erosion pattern has resulted from topographic influences.
Sediments recovered from Sites 407 and 408 strongly suggest that the difference in morphology between the eastern and western flanks of the Reykjanes Ridge at this latitude is a consequence of the difference in sediment supply to the bottom current. The smooth contours of the eastern flank result from the massive injection of Icelandic volcanogenic debris into a southward-flowing bottom current; no comparable sediment source exists on the west side to supply the northward-flowing near-bottom current. Thus, the influence of basement relief is apparent only in the region of relatively low sediment transport rates, and results in the irregular relief of the western ridge flank ( Figure 2 ). We would infer that similar morphology was present on the east flank at earlier stages of sediment drift development.
SEDIMENTATION AND EROSION BY BOTTOM CURRENTS: DRILLING DATA
Four sites provide the principal control for the early/middle Miocene date of initiation of erosive bottom currents originating in the Norwegian Sea east of Iceland. Talwani, Udintsev, et al. (1976) and Nilsen and Kerr (1978) . The points important to the present study are as follows:
1) The lowermost sedimentary unit at Site 336 is a red unit of breccia to mudstone, interpreted as subaerially weathered basalt (Nilsen and Kerr, 1978) .
2) Oligocene planktonic microfossil assemblages from the Norwegian Sea and the eastern North Atlantic are highly dissimilar, implying that no surface water connection existed between them before about 30 m.y. ago (Schrader et al., 1976 (Schrader et al., , p. 1205 3) Water depths determined from the ratio of planktonic to benthic foraminifers at Site 336 indicate "inner-middle neritic" 45 m.y.B.P., gradually deepening to "outer neritic to upper bathyal" 30 m.y.B.P. (Schrader et al., 1976) .
Site 336 currently lies 800 meters below the sill depth of the Iceland-Faroe Ridge. An upper bathyal depth (200 to 600 m) for this site 30 m.y.B.P. suggests that most or all of the Iceland-Faroe Ridge was emergent, and certainly that no deep connection existed between the Norwegian Sea and the eastern North Atlantic.
The two Iceland-Faroe Ridge sites thus indicate that erosive bottom currents flowed no earlier than late Oligocene (about 25 m.y.B.P.). In addition, Site 336 has subaerially weathered "laterites" overlying Eocene basalts which are now more than 1300 meters below sea level, strongly suggesting that the entire Iceland-Faroe Ridge lay above sea level at least through early Eocene time (K-Ar dates on the underlying basalts are 42 ±5 m.y.B.P., according to Kharin et al., 1976) . Both sites indicate essentially no deposition (or subsequent erosion) between the upper Oligocene marine deposits and the glacial muds. Site 336 yielded one core-catcher sample of glauconite sand, possibly middle Miocene, which could represent a brief period of non-erosion.
Hatton Drift: Sites 403 through 406
On Leg 48, four sites were drilled southwest of Rockall Plateau on the Hatton drift. Preliminary data show that Neogene unconformities occur at all these sites (Scientific Staff, Leg 48, 1976) . The most detailed biostratigraphy is available for Site 406, where two Miocene unconformities appear to correlate with similar erosional horizons detected at Site 407. A 520-meter section of upper Miocene to Recent sediments unconformably overlies 80 meters of middle Miocene chalk and siliceous chalk. The estimated duration of the hiatus is from about 8 or 10 m.y.B.P. to 15 m.y.B.P. The relatively thin middle Miocene unit represents only a short period (probably about 2 million years), and is underlain unconformably by lower Miocene siliceous ooze. Additional hiatuses deeper in the hole separate Miocene and Oligocene, and Oligocene and Eocene material. The preliminary interpretation is that the middle/lower Miocene unconformity represents the initiation of strong bottom circulation, and records the beginning of sediment drift development in the eastern North Atlantic (Scientific Staff, Leg 48, 1976) .
The three additional sites drilled near the southwest corner of Rockall Plateau all contain unconformities representing long periods between early Miocene and Eocene (with a short section of Oligocene material at Site 403). These findings are all compatible with an early/middle Miocene erosional event.
West Flank of Reykjanes Ridge: Sites 407 and 408
Site 407 sediments, and underlain unconformably by middle to lower Miocene turbidites ( Figure 5 ). The ooze contains scattered fine laminations of silt-sized material (principally glauconitized ash), suggesting bottom-current winnowing of silt. The lower section of middle and lower Miocene turbidites appears to be locally derived, as indicated by sharp, angular basalt sand and gravel, and the absence of shallow faunas. The basal sediments were deposited about 17 m.y. ago, 2 to 4 million years after the estimated time when lithosphere at this site was formed. The upper turbidites probably derive from the Iceland margin, and apparently represent thick flows, since they occur perched on an abyssal hill and contain units more than a meter thick. They contain pelecypod fragments and other indicators of shallow deposition.
MODELS OF RIDGE CREST ELEVATION THROUGH TIME
Three principal factors should determine whether bottom water entering the eastern North Atlantic from the Norwegian Sea will be observed as a northward-flowing current on the west side of Reykjanes Ridge. They are (1) the depth of Reykjanes Ridge relative to the basins on either side, (2) the distribution and depth of fracture zones cutting the ridge, and (3) the density of water entering the Atlantic from the Norwegian Sea relative to the density of the deep water in the two basins. We summarize below the information from Luyendyk, Shor, and Cann (this volume) concerning two possible models of Reykjanes Ridge crest depth through time, both of which appear compatible with the available data. We then discuss in the following section the consequences of ridge elevation changes on the circulation of bottom currents between the eastern and western basins.
1) The "steady-state" model. This model estimates the initial ridge crest elevation at any age, t, by backtracking the depth of t-age crust along a z = 350 (t) 1 / 2 curve, as discussed in Parsons and Sclater (1977) . Spreading rates of 1.0 cm/year (0 to 200 km) and 0.625 cm/year (>200 km) were used to convert distance from the ridge axis into crustal age (see Luyendyk, Shor, and Cann, this volume). Excess subsidence caused by sediment loading is removed by assuming isostatic adjustment of the lithosphere to a regression line fitted independently to sediment thickness data for each side of the ridge.
The resulting time series of initial crest depths is illustrated in Figure 6 . If this model is valid, then several conclusions may be drawn. First, before 17 m.y.B.P., the crest depth was approximately constant at about 500 meters following which a tectonic, volcanic, or thermal event elevated the ridge crest to near sea level. The ridge crest then gradually subsided to nearly 1000 meters 4 m.y.B.P. and a second shallowing episode again brought the crest to less than 500 meters, from which it is now subsiding.
The evidence supporting this model is that depths determined both from vesicularity of basalt samples and from benthic foraminiferal assemblages at the bases of Sites 407, 408, and 409 are compatible with the depths estimated by backtracking the depths of these sites to the age of the oldest sediment (not the age of the lithosphere) (Luyendyk, Shor, and Cann, this volume) . If the recovered basalts were erupted at Sites 407 and 408 somewhat later than the magnetic age of the crust, then this model suggests that the Reykjanes Ridge can be considered in terms of a "steady-state" spreading model, and has had a shallow elevation since before 36 m.y. ago.
2) Uplift models. Several possible models of ridge crest elevation which satisfy our data add to the model above a component of uplift for a specified period. One alternative is similar to that of Duffield (this volume), in which the ridge crest is assumed to have shallowed at a constant rate since 36 m.y.B.P. An average uplift rate since crustal formation at any site can be estimated by assuming that the basal sediments were deposited shortly after crustal formation. We can then use the depths estimated from benthic foraminiferal assemblages to estimate eruption depth (De) The depths determined in this manner do not agree with the depths estimated by the Moore and Schilling (1973) vesicularity versus depth relation (Figure 7 ), but the general relationship of decreasing vesicularity with increasing water depth holds. Possible explanations, including different techniques, are discussed in Duffield (this volume).
RIDGE ELEVATION CHANGES AND BOTTOM CURRENT FLOW
The common feature of the two models discussed above is a marked change in ridge crest elevation (outer escarpment) between 15 and 17 m.y.B.P., following which the ridge appears to have remained anomalously shallow for about 5 million years ( Figure 6 ). This escarpment appears on all profiles taken across the northern Reykjanes Ridge (e.g., Talwani et al., 1971; Vogt and A very, 1974) . We believe that the age of this escarpment correlates with the first erosional episodes that can be confidently ascribed to the flow of bottom water into the eastern North Atlantic from the Norwegian Sea, and with the age of the oldest turbidites deposited at Site 408. In addition, it may be significant that 17 m.y. is the age of the oldest dated basalts that are subaerially exposed on Iceland (Moorbath et al., 1968) , and may date a major elevation of the Icelandic basalt pile. We infer that a major tectonic change at about the early/middle Miocene boundary resulted in uplift of the entire northern Reykjanes Ridge crest, either by extrusion of (Parsons and Sclater, 1977) . Basement depths are corrected for excess sediment loading. Note: Age (t) is derived from distance from ridge axis (see Figure 2) ; subsidence by cooling (C) from Parsons and Sclater, 1977 ; water depth (Dp) is drilled depth to basement (lower basalt unit for Site 407); sediment loading (D s ) is 0.3 times sediment thickness (from linear regression of depth versus distance from ridge axis for each side of ridge); eruption depths are estimates from benthic foraminifers and vesicularity of basalts (see text), assuming eruption at ridge crest. Positive sign for r implies uplift.
excess volcanic magma or by tectonic readjustment to a new (faster) spreading regime. Assuming this inference to be correct, then it is reasonable to carry the argument one step further and suggest that the shallowing of the ridge crest and the correlative elimination of most or all of the major transform faults cutting the ridge (A very et al., 1969; Vogt and A very, 1974; Ruddiman, 1972) resulted in confinement of the inflowing Norwegian Sea water to the eastern basin in the north, in which case it thus did not flow directly across the ridge through the fractures. This may have led to more widespread erosion by a larger and possibly stronger flow which was pushed far to the south before it could cross the ridge. Ruddiman's (1972) observations of asymmetric and rapid fill of the fracture zones above an acoustic reflector dated about 17 m.y.B.P. agree with this interpretation; with no exit across the ridge, the fracture zones would act as sediment traps.
The subsequent history of the bottom flow is more difficult to interpret, since only two of the sites drilled under Moore and Schilling (1973) the inferred path of the flow contain any middle Miocene deposits. It is possible that the intensity of flow decreased briefly during the middle Miocene, resulting in the deposition observed at Sites 407 and 406; but it is also possible that these deposits represent accumulations protected from the main axis of the current. This may explain the problems in correlating the nannofossil and foraminifer biostratigraphies for the middle Miocene section at Site 407: lower Miocene material may have been reworked into these cores (see Poore et al., this volume) . It appears that erosion dominated in the middle Miocene along the current path (perhaps redepositing material to shape the sediment drifts), and that renewed accumulation did not begin until the late Miocene, when widespread deposition again occurred. This may be explained by the deepening of the ridge crest after 10 m.y.B.P. (Figure 6 ) and by the resultant increase in cross-ridge flow in the north and decrease in volume and velocity of the along-ridge flow. Deposition apparently continued into the early Pliocene. There is some evidence for a renewed period of erosion beginning during the Pliocene; this may correlate with the age of the inner escarpment (Figure 2) . No glacial Pliocene material (2to3m.y.B.P.) was recovered at either Site 407 or Site 408, although both sites are certainly within the region where ice rafting should be represented in the upper Pliocene. We suspect, therefore, that erosion occurred between deposition of the lower Pliocene nannofossil ooze and the Pleistocene turbidites and ice-rafted deposits at both sites.
SUMMARY OF NEOGENE CIRCULATION AND RELATED EVENTS
We present below a brief summary of events leading to the modern deep circulation in the eastern North Atlantic and across the Reykjanes Ridge. It must be considered tentative until problems with the interpretation of the elevation of Reykjanes Ridge through time can be resolved. Early to middle Miocene (15 to 17 m.y.B.P.): A major tectonic reorganization of sea-floor spreading occurred, eliminating the previous deep fracture zones which cut across the ridge (Vogt and Avery, 1974) and leading to shallowing of the ridge crest and possibly a major buildup of the Icelandic basalt pile. Correlation of erosional events at Site 407 and 406 suggests a widespread increase in bottom flow velocity.
Late Miocene (6 to 8 m.y.B.P.): Renewed deposition began at all sites drilled along the path of the overflow current in the eastern North Atlantic (403, 404, 405, 406, 114) , as well as at sites west of the ridge axis (407, 408). The only sites showing no deposition are those on the Iceland-Faroe Ridge (336, 352) . This renewal of deposition may correlate with the increasing depth of the Reykjanes Ridge crest, beginning about 10 m.y.B.P. and reaching a maximum 4 to 5 m.y.B.P.
Pliocene (3 to 5 m.y.B.P.): Uplift of the ridge crest apparently occurred about 4 m.y.B.P., which may correlate with the early Pliocene to Pleistocene unconformity at Sites 407 and 408. This suggests an increase in current activity corresponding to shallowing of the ridge, similar to that in the early/middle Miocene.
Pleistocene to Recent: This section is overprinted at both Sites 407 and 408 by turbidites (probably from the Iceland margin) and by ice-rafted detritus, making it impossible to determine whether bottom currents were erosive during the past two million years.
PLIOCENE ICE RAFTING IN THE NORTH ATLANTIC
One additional significant finding of DSDP Leg 49 was the ice-rafted mineral grains in upper Pliocene sediments of Hole 410. This corroborates the Pliocene glaciation noted during DSDP Leg 12, and indicates that icebergs penetrated at least as far south as 45°N during the late Pliocene. A correlative decrease in CaCOβ is evident, and implies changes in sediment sources, probably increased influx of fine terrigenous material (Figure 8 ). Our data, combined with the results of DSDP Legs 12 and 37, allow estimation of the southern extent of late Pliocene ice rafting in the North Atlantic (Figure 9 ). Because ice-rafted mineral grains in samples examined for foraminifers are sparse to few in the upper Pliocene, and because larger glacial erratics are absent altogether, we place the southern limit close to Hole 410 rather than halfway between Hole 410 and Holes 333 and 335.
The lowest occurrence of ice-rafted mineral grains (^63 µm) in Sample 15, CC of Hole 410 corresponds to the first evolutionary occurrence of Globorotalia inflata (d'Orbigny). The first evolutionary occurrence of Globorotalia inflata approximates the base of upper Pliocene Zone N21, and has an estimated age of 3.0 m.y. (Poore and Berggren, 1974) . Thus, the first (lowest) occurrence of ice-rafted mineral grains at Site 410 agrees closely with the estimated date of 3.0 m.y.B.P. for extensive Northern Hemisphere glaciation determined by and the paleomagnetically controlled isotopic evidence for initiation of significant Northern Hemisphere glaciation 3.2 m.y. ago (Shackleton and Opdyke, 1977) .
Although control points are few, data plotted in Figure 8 indicate that the ice-rafted component of Cores 1 through 7 is greater than in Cores 8 through 15. Assuming a constant sediment accumulation rate for the upper portion of Hole 410 indicates an age of 1.1 to 1.2 m.y. for the base of Core 7 (recovered interval). Since an increase in the ice-rafted component of sediments from this area of the North Atlantic reflects glacial conditions on land (Ruddiman, 1977) , our data suggest an increase in the magnitude and frequency of Northern Hemisphere glaciation at about this time.
A detailed study of several North Pacific cores by Kent et al. (1971) revealed a significant up-section increase of ice-rafted material at the level representing 1.2 m.y.B.P. Thus, the pattern of increased influx of ice-rafted material to North Pacific sediments 1.2 m.y. ago, which Kent et al. (1971) attribute to increased glaciation in the Cordilleran region of North America and the Kamchatka Peninsula, and tentatively correlate with the initiation of mid-latitude glaciation in the Northern Hemisphere, is apparently present in the temperate regions of the North Atlantic as well. Davies and Laughton, 1972. 
